The pelvic floor guards the passage of the pelvic organs to the exterior. The near-epidemic prevalence of incontinence in women continues to generate interest in the functional anatomy of the pelvic floor. However, due to its complex architecture and poor accessibility, the classical 'dissectional' approach has been unable to come up with a satisfactory description, so that many aspects of its anatomy continue to raise debate. For this reason, we opted for a 'sectional' approach, using the Chinese Visible Human project (four females, 21-35 years) and the Visible Human Project (USA; one female, 59 years) datasets to investigate age-related changes in the architecture of the anterior and middle compartments of the pelvic floor. The puborectal component of the levator ani muscle defined the levator hiatus boundary. The urethral sphincter complex consisted of a circular proximal portion (urethral sphincter proper), a sling that passed on the vaginal wall laterally to attach to the puborectal muscle (urethral compressor), and a circular portion that surrounded the distal urethra and vagina (urethrovaginal sphincter). The exclusive attachment of the urethral sphincter to soft tissues implies dependence on pelvic-floor integrity for optimal function. The vagina was circular at the introitus and gradually flattened between bladder and rectum. Welldeveloped fibrous tissue connected the inferior vaginal wall with urethra, rectum and pelvic floor. With eight-muscle insertions, the perineal body was a strong, irregular fibrous node that guarded the levator hiatus. Only loose areolar tissue comprising a remarkably well developed venous plexus connecting the middle and superior parts of the vagina with the lateral pelvic wall. The posterolateral boundary of the putative cardinal and sacrouterine ligaments coincided with the adventitia surrounding the mesorectum. The major difference between the young-adult and postmenopausal pelvic floor was the expansion of fat in between the components of the pelvic floor. We hypothesize that accumulation of pelvic fat compromises pelvic-floor cohesion, because the pre-pubertal pelvis contains very little fibrous and adipose tissue, and fat is an excellent lubricant.
Introduction
Pelvic floor dysfunction is a common problem among women, with vaginal deliveries, aging, and increasing body mass index (BMI) as acknowledged risk factors (Jelovsek et al. 2007 ). An accurate appreciation of the anatomy of the pelvic floor is a prerequisite for a proper interpretation of data generated by imaging modalities (Stein & DeLancey, 2008) . The architecture of the levator and sphincter ani complexes, the urethral sphincter, and the perineal body and its extensions have been topics of contention for over a century and still attract attention (Dickinson, 1889; Oelrich, 1983; DeLancey, 1986; Woodman & Graney, 2002; Kearney et al. 2004; Yucel & Baskin, 2004; Wallner et al. 2009 ), implying that their anatomy is still incompletely understood. The connections of these entities with neighboring structures in particular remain topics of contention (Uhlenhuth & Day, 1948; Milley & Nichols, 1969; DeLancey & Starr, 1990; DeLancey, 1992; Fritsch et al. 2004; Kraima et al. 2015) . These disagreements probably originate in the deep position and, hence, limited accessibility of the pelvic floor within the bony pelvis. Another reason may well be that our models are almost entirely based on dissection. Although dissection is clinically highly relevant, if it only as the tool of surgeons, the identification of structures by dissection relies almost entirely on their instantaneous recognition, with irreversibility and artifacts as major drawbacks. Testing the outcome of the dissectional approach by a different method is, therefore, necessary to confirm or improve the quality of anatomic descriptions.
Sectional anatomy is an obvious approach to address the above problems, because it does not suffer from limited accessibility and (stored) sections can be studied repeatedly. Drawbacks of 'real' sectioning -deformation and loss of alignment of the sections -do not apply to a sectional approach that is based on serial 'shaving' of thin layers from a frozen specimen and photographic registration of the 'newly revealed' surface. This technique, pioneered by Kathrein et al. (1996) and used to produce the Visible Human Project (Spitzer et al. 1996) and the Chinese Visible Human project (Zhang et al. 2003) , allows the unambiguous identification and segmentation of most structures by their natural color and surrounding connective-tissue sheaths.
In our earlier study, we used the 'Visible-Human' approach to investigate the topography of the posterior compartment of the pelvic floor (Wu et al. 2015) . The levator ani muscle (LAM) had a common anterior attachment to the pubic bone, but was separated posteriorly into the puborectal and 'pubovisceral' muscles (for a summary of our nomenclature, see Table 1 ). The anal-sphincter complex comprised the subcutaneous external anal sphincter (EAS) and the U-shaped puborectal muscles, which define the levator hiatus. In our present study, we investigated the topographic anatomy of the anterior and middle compartments of the young-adult female pelvic floor. Because human anatomical structures change with age (Collas & Malone-Lee, 1996; Reay Jones et al. 2003) , we compared the findings with a similarly prepared postmenopausal specimen. The data were used to generate detailed interactive 3D topographic models of the pelvic floor.
Material and methods

Specimens
Four female specimens of the Chinese Visible Human project [CVH-2 (22y), -4 (25y), -5 (25y), and CVO (35y) (Wu et al. 2015) ] and the female of the Visible Human Project USA [VHF (59y) (Spitzer et al. 1996) ] were studied. The preparation of the Visible Human images followed established protocols (Kathrein et al. 1996) , as described in detail elsewhere (Spitzer et al. 1996; Zhang et al. 2003) . The study was approved by the Ethics Committee of the Third Military Medical University (Chongqing, China). Written informed consent was obtained from the donors or their family members. The available biometric details are given in Table 2 . Unfortunately, little is known about the medical backgrounds, including parity, but no significant pelvic pathologies were found in the specimens (see also Bajka et al. 2004) . We use superior, inferior, anterior and posterior for topographical description.
Image segmentation
The segmentation protocol is described elsewhere (Wu et al. 2015) . Criteria for segmentation were (thin) fibrous tissue fascia, and differences in tissue architecture and color. Furthermore, we always inspected the corresponding sections in all other CVH specimens before proceeding to segmentation. When segmenting, we always identified and delineated the unambiguous (parts of) structures first and then proceeded to the remaining portions. Using this approach iteratively, we distinguished 47 structures in the female true pelvis (Wu et al. 2015) .
Three-dimensional reconstruction
The identified structures were reconstructed using the 3D surfacerendering and -smoothing tools of AMIRA software (http://www.ami ravis.com). The 3D data were exported to Adobe ACROBAT 9 PRO Figure 3 in Wu et al. (2015) ; VHF: Supporting Information Fig. S1 ]. The 3D-pdf format allows the reader to visualize all structures separately or in self-chosen combinations to reveal their topographical relations and can be displayed on almost all personal computers. Furthermore, we provide evenly spaced serial sections of the transversely sectioned CVH-5 and the sagittally sectioned CVO specimens for inspection in Supporting Information Figs S3 and S4, respectively.
Results
We encourage readers to inspect and compare shape, relative size, and topographical relations in the CVH-5 specimen in our previous publication (Wu et al. 2015) with the VHF specimen (Fig. S1 ). We first describe the topographic anatomy of the anterior and middle compartments of the pelvic floor in the young-adult CVH specimens and then compare the findings with those in the postmenopausal VHF specimen.
Physical differences among the CVH specimens
Bladders in CVH-2 and -5 had lumens of~57 and~72 mL, whereas those in CVH-4 and CVO were virtually empty. The uteri of CVH-2 and CVH-5 were anteverted, whereas those of CVH-4 and CVO were retroverted, as is common among Orientals. Possibly as a result of their partially filled bladders, the uteri of CVH-2 and -5 both deviated to the right, which caused a markedly more tortuous course of the right than left uterine tube. The volume of the CVH uteri was 57 AE 12 mL and that of both ovaries together 13 AE 6 mL. The proximal part of uterine tube was typically narrow and its wall thin, whereas the distal part was wider and thicker. Biometric data on the position of the pelvic floor are presented in Table 3 . As reported (Wu et al. 2015) , the levator hiatus in CVH specimens was~17 mm longer,~12 mm narrower, and had descended 3-5 mm more than in live Chinese females of the same age (Cai et al. 2013 ).
The urethral sphincter complex
The urethra was 41 AE 3 mm long in the four specimens. The thickness of the mucosal layer was~0.7 mm and that of the submucosal layer~2.5 mm. The distance from the bladder neck to the pubococcygeal line was 9 AE 2 mm. The biometric data of the urethra is reported in Table 4 . The urethral sphincter complex covered the upper~80% of the urethra, but not its most inferior portion between the vestibular bulbs. It was not possible to delineate the boundary between the inner smooth-and the outer striated-muscle layers. Three components made up the striated urethral sphincter complex: the urethral sphincter proper, the urethral compressor, and the urethrovaginal sphincter. The sphincter proper encircled the urethra and contained a tendinous portion in the posterior midline (Fig. 1A,I ). The U-shaped compressor muscle surrounded the urethra and the urethral sphincter anteriorly and laterally at the transition of the upper two-third into the lower one-third ( Fig. 1) . Posteriorly, the compressor muscle passed on the vaginal wall to insert into the anteroinferior border of the puborectal muscle, just anterior to the attachment of that muscle to the perineal body (Fig. 1E,H) . In none of the specimens, did we observe any connection to the pubic bone. The urethrovaginal sphincter surrounded the urethra anteriorly and laterally just inferior to the sphincter proper and The biometric data of the VHF specimen are not easily accessible. Her length is estimated to be 1700 mm (Robinson et al. 2009 ), her volume 82.73 L (Shen et al. 2003) , which at a density of~1 kg L À1 for females at that age (Lean et al. 1996) , results in a body weight of~83 kg. surrounded the inferior end of the vaginal wall laterally and posteriorly, where it attached to the anteroinferior part of the perineal body ( Fig. 1B-I ). The urethrovaginal sphincter was only identifiable in the CVH-5 and CVO specimens.
The vagina and its supports
The biometric data of the vagina is reported in Table 4 . The outer shape of the vagina near its junction with the vestibule was circular on cross-section (diameter: 19 AE 3 mm; Fig. 2A ). At this position, we identified the urethrovaginal sphincter on its lateral surface. More superiorly, the anterior wall of the vagina widened to cover the posterolateral wall of the urethra (Fig. 2B ). The posterior wall of the vagina also widened, albeit to a lesser extent, to accommodate the rectoperineal muscle. The cross-sectional shape of the vaginal lumen, therefore, resembled the letter 'H' and had a trapezoid outline, with its widest side anteriorly. Superiorly, from the level of bladder neck and anorectal flexure, the folds in the vaginal wall flattened and the vagina widened to 40 AE 2 mm (Fig. 2C,D) . The perimeter of the vaginal lumen, therefore, did not differ between its inferior and superior portions. At its superior end, the vagina (fornix)
formed an inverted cone around the cervix (Fig. 2F ). The distance from the vaginal orifice to the tip of the anterior vaginal fornix was 57 AE 5 mm and~25% shorter than that to the posterior fornix (74 AE 4 mm). The bulbospongious muscles guard the entrance to the vagina just below the pelvic floor and surround the vestibular bulbs anteriorly and Bartholin's glands posteriorly. Medial to Bartholin's gland, the urethrovaginal sphincter surrounded the vaginal introitus. Well-developed fibrous tissue connected the vaginal wall to the urethra anteriorly, to the perineal and puborectal muscles laterally, and the perineal body with its attached muscles posteriorly ( Fig. 2A,B ). More superiorly, however, only loose areolar tissue containing many veins was present between the vaginal wall and the medial layer of the pubovisceral muscle ( Fig. 2C-F) . Posteriorly, Denonvilliers' fascia formed the connection between the vaginal and rectal walls (Fig. 2C ). The vaginal wall was, thus, surrounded and fixed by dense connective tissue inferiorly, whereas it was only supported by loose connective tissue and a rich venous plexus above the urethral compressor and Denonvilliers' fascia.
The perineal body
The perineal body was a highly irregular fibrous structure in the wedge-shaped space between the vagina anteriorly, the anal canal posteriorly, and the anorectal bend superiorly (Fig. 3) . Irregular fibrous extensions of the perineal body form the tendinous attachments of eight muscles: the rectoperineal and deep perineal muscles posteriorly, the medial layer of the pubovisceral muscle and the superficial and deep portions of the puborectal muscle laterally, and the urethrovaginal sphincter, superficial transverse perineal and bulbospongious anteriorly. The size of the perineal bodies depended on fibrous tissue development in the specimens and was smallest in the CVH-4 specimen (1.0 mL) and largest in the CVH-5 specimen (4.4 mL). The relatively large perineal body in CVH-5 had superficial and deep parts. The superficial (inferior) part was 'V'-shaped, with wings extending anterolaterally towards the lateral sides of the vagina (Fig. 3) . The deep (superior) part was formed by a tendinous plate on the inferior surface of the puborectal muscle (Fig. 3) . In specimens with a smaller perineal body, the superior part was less developed.
The deep perineal muscle occupied the space between the incompletely separated superficial and deep portions of the perineal body, and extended from the posteroinferior side of the perineal body to the junction of the urethral compressor muscle with the puborectal muscle anterosuperiorly (Figs 2 and 3) . The deep perineal muscle co-localized with the 'puboperineal' muscle identified in MRI images (Lien et al. 2004 ) but did not reach the pubic bone in any of the specimens studied. Several large veins were present in and lateral to the perineal body and deep perineal muscle.
Muscles of the urogenital triangle
The ischiocavernous, bulbospongious and superficial transverse perineal muscles form the 'urogenital triangle'. The ischiocavernous muscle is attached to the ischial tuberosity posteriorly and to the medial side of the posterior end of the cavernous body of the clitoris anteriorly. The bulbospongious muscles, which covered the vestibular bulbs superficially, attached to the inferior side of the cavernous bodies anteriorly, while its left and right sides connected to each other posterior to the perineal body. The superficial transverse perineal muscles extended laterally as slender 'twigs' from the posterior side of the perineal body and the junction of both bulbospongious muscles. The number, size, and length of these twigs differed markedly in the four specimens, but in none of the specimens did the muscle fibers of the superficial transverse perineal muscle reach the ischial tuberosity as is generally shown in atlases. Instead, they ended on fibrous septa in the fat of the ischioanal fossa (Fig. 3) .
Vessels
Arteries followed well established courses. An extensive venous plexus was present between the vagina and cervix medially, and the LAM laterally. This plexus was particularly dense around the uterine artery where it approached the uterine cervix, but rapidly attenuated further superiorly in the broad ligament. Inferiorly, where it passed the puborectal muscle medially, the venous plexus separated, relative to the vaginal wall, into antero-and posterolateral parts. The anterolateral part descended into the areolar tissue surrounding the bladder neck and urethra above its compressor muscle, whereas the posterolateral part passed, via numerous perforations, through the perineal muscle, perineal body, and between the puborectal muscle and the pelvic bones to the anterior part of the ischioanal fossa. The pelvic venous plexus had hardly any communication with the veins of the lower limbs (Fig. 2) .
The effects of aging
Shape of the pelvic floor The volume of the anteverted VHF uterus was 43 mL (~75% of that in the CVH specimens) and that of both ovaries together 3 mL (~20% of that in the CVH specimens; Table 4 ). The contracted state of the upper rectum and large volume of the rectal ampulla (~twofold larger than in CVH specimens) were other striking features of the VHF. The position of the pelvic floor (Hoyte et al. 2001; Fielding, 2002) was different, too (Table 3 ). The 'pubococcygeal line' (96 mm) was, in agreement with their similar size, not different from that of CVH specimens, but the 'H-line' (length of levator hiatus; 79 mm) and 'M-line' (descent of levator hiatus; 20 mm) were~30% longer than in CVH women. The 'WLH-line' (width of levator hiatus; 19 mm) was~83% of that in CVH females. These biometric data indicate that the postmortem levator hiatus of VHF was 24 mm longer and 6 mm narrower, and had descended 6 mm more than that of asymptomatic live American females of the same age and body mass index (Fielding, 2002) . We ascribe these differences to the relaxation of muscles, including those of the pelvic floor, in cadavers (Fig. 4) .
Volume of pelvic-floor muscles
The volume of striated muscles in the pelvic floor was similar in CVH and VHF females (Table 4 ). The VHF vagina had similar width, but thinner walls and fewer mucosal folds than CVH vaginas. Additionally, the posterior vaginal wall protruded into the vaginal lumen. The volume of the perineal body was~fourfold smaller and the length of the perineum~1.5 longer in VHF as compared with CVH specimens (Table 4 ). The stretch resulting from the large rectal ampulla made the surrounding pelvic-floor muscles thinner, but their volume was similar to that of CVH specimens.
Differences in volume and distribution of fat
The higher BMI predicted the~fivefold higher pelvic fat volume in VHF than in CVH specimens. The abdominal subcutaneous panniculus was~twofold thicker in VHF than in CVH specimens. The ischioanal fossa is delimited anteriorly by the attachment of the levator ani muscle to the internal obturator via its tendinous arch. In CVH specimens, the tendinous arch of the LAM was an inconspicuous structure ( Fig. 4E-H ), but in VHF this arch was virtually absent and fatty tissue was present further anteriorly between internal obturator and the levator ani muscles (Fig. 4A-D) . Fat above the levator ani muscle surrounded the base of the bladder down to the urethral sphincter and was very abundant in the adnexa of the vagina and cervix. As a result, the anterior part of the levator ani muscle was sandwiched between abundant layers of fat, and the bladder and vagina appeared to 'float' on this sandwich. The venous plexus between bladder and vagina on the one hand and the levator ani on the other was less well developed in VHF than in CVH females.
Summary
Using this approach we found that the levator ani muscles have a different architecture than usually described (Wu et al. 2015) , that the urethral sphincter attaches only to the fascia of the LAM, that no direct muscular attachment of the LAM to the vaginal wall exists, and that the eight muscle pairs that guard the levator hiatus are all attached to the perineal body. Though one can object that these findings are based only on four young-adult and one postmenopausal female cadavers, they were present in every specimen. The most marked difference among the specimens was in the development of connective tissue, which was most prominent in the CVH-5 and CVO specimens. Furthermore, a sizable fat mass had accumulated at both sides of the LAM in the postmenopausal VHF specimen.
Discussion
A precise knowledge of the uncompromised topography of the pelvic floor is important to recognize degenerative changes due to deliveries or aging (Collas & Malone-Lee, 1996; Reay Jones et al. 2003) . Pelvic-floor topography as deduced from serial sections that were processed according to the Visible Human protocol (Kathrein et al. 1996; Spitzer et al. 1996; Zhang et al. 2003) does not suffer from topographic and dissection artifacts and allows the use of an iterative approach to delineate structures carefully and properly.
The urethral sphincter complex
Topographic anatomy of the female urethral sphincter is well studied (e.g. Oelrich, 1983; Kokoua et al. 1993; Colleselli et al. 1998; Ludwikowski et al. 2001; Yucel & Baskin, 2004; Sebe et al. 2005) . The external urethral sphincter is a complex structure with proximal (superior) and distal (inferior) parts (Oelrich, 1983) . The urethral sphincter complex did not cover the portion of the urethra between the vestibular bulbs. The most distal part of the sphincter complex, the thin urethrovaginal sphincter, encircles both urethra and vagina, whereas the more proximal portions were posteriorly open loops with the vaginal wall (urethral compressor) or the dorsal fibrous raphe (urethral sphincter) interposed. The dorsal raphe allows the urethral sphincter to function as a real sphincter and fixes the urethra to the ventral wall of the vagina (DeLancey, 1992; Fritsch et al. 2006) . The well developed urethral compressor inserts on the perimysia of the puborectal and deep perineal muscles, as we described previously in fetuses (Wallner et al. 2009 ).
In none of our specimens did the urethral compressor insert, as is usually described (Oelrich, 1983; Fritsch & Frohlich, 1994; Frohlich et al. 1997; Colleselli et al. 1998; Fritsch et al. 2006) , on the inferior branch of the pubic bone. The position of the urethral compressor colocalizes with the maximal intra-urethral pressure during pelvic-floor contraction in females (Westby et al. 1982; Constantinou, 2009 ). In fact, its contraction can even be registered in the vagina (Shishido et al. 2008) . The sole attachment to soft tissues implies that the function of the urethral compressor, which compresses and bends the urethra in a posterior direction, depends on the functionality of the pelvic-floor muscles. The alternation of sphincteric and looped portions that, by bending and narrowing the lumen, mediate continence is strikingly similar to the sphincter mechanism of the anorectal canal. We hypothesize that the longer term success of midurethral sling procedures for stress incontinence (Ridgeway & Barber, 2012) depends on accentuation of this mechanism.
The urogenital diaphragm and the deep perineal muscle
The urethral sphincter complex is often linked to the concept of a 'urogenital diaphragm', i.e. a 'deep transverse perineal muscle' with a thick inferior perimysium, the 'perineal membrane' (for review, see Mirilas & Skandalakis, 2004) . Some studies found no evidence of a urogenital diaphragm (Dorschner et al. 1999 ), but others maintain that the deep transverse perineal muscle is present as a smooth muscle in females (Oelrich, 1983; Kokoua et al. 1993; Fritsch et al. 2004; Nakajima et al. 2007 ). We observed the 'perineal' muscle inferior to the puborectal muscles between the superior and inferior wings of the perineal body. The close association with the perineal body and its extensions explains the association with the perineal membrane (Stein & DeLancey, 2008) . At this very location, DeLancey cum suis (Lien et al. 2004 ) observed the 'puboperineal' muscle in MRI images. Because of its > threefold stretch during simulated vaginal delivery, it has to be a smooth muscle (Seow & Solway, 2011) . However, the perineal muscle we observed did not attach itself to the pubic bone but is contiguous anteriorly with the urethral compressor at the origin of that muscle from the puborectal muscle.
Perineal body
The perineal body is located in the space between the vagina, anal canal, and the perineal skin. On dissection from the perineal surface, it presents as a pyramidal fibromuscular node with superficial, middle, and deep layers that connect to the subcutaneous EAS, and the superficial and deep portions of the puborectal muscle, respectively (Woodman & Graney, 2002; Shafik et al. 2007) . However, such dissection is difficult and generates artifacts. In sections, the perineal body is a highly irregular fibrous node that varies in size and extent depending on the degree of connective-tissue development. It is the true central tendon of the perineum, guarding the levator hiatus, serving as insertion for two unpaired (the urethrovaginal sphincter anterosuperiorly and the rectoperineal muscle posterosuperiorly) and six paired muscles (the medial portion of the pubovisceral muscle and the deep portion of the puborectal muscles laterosuperiorly; the superficial portion of the puborectal muscles posterolaterally; and the superficial transverse perineal, bulbospongious, and perineal muscles posteriorly). These eight muscles exert forces in anterosuperior, posterosuperior, laterosuperior, and posterolateral directions. There exists controversy concerning whether the bulbospongious, superficial transverse perineal muscles, and EAS insert into the perineal body or just pass this structure posteriorly (Shafik et al. 2007; Larson et al. 2010) . Our results indicate that fibers of the bulbospongious and superficial transverse perineal muscles are indistinguishable in the midline, where they form a muscle bundle that lies deeper than the EAS and is attached to the posterior part of the perineal body.
The supports of the vagina and uterus
The vagina is often depicted as a tubular structure, but its lumen changes from narrow, with radially oriented epithelial folds at the introitus, to an 'H' shape, where it covers the urethra on its posterolateral sides, and then to a flat, anteriorly slightly concave structure on the posterior side of the bladder. This description concurs with that of in vivo vaginal casts (Pendergrass et al. 1996) . Despite these regional differences of shape, the perimeter of the vaginal lumen is similar at all levels. The smooth-muscle wall of the vagina followed the contour of the lumen. The supports of the vaginal wall that guard against pelvic organ prolapse are still contentious. In DeLancey's concept (DeLancey, 1992) , the upper third of the vagina (level I) is suspended from the pelvic walls by the vertical and posterior fibers of the cardinal and uterosacral ligaments, respectively (Ramanah et al. 2012a) . The inclusion of tissue surrounding the proximal, more vertical part of the uterine artery in the cardinal or transverse cervical ligament (Ramanah et al. 2012b; Samaan et al. 2014) has made this putative ligament a more vertical structure that would account for~60% of the tension keeping the uterus in place (Chen et al. 2013) . However, the sacrouterine ligament is more rigid (Rivaux et al. 2013 ) and stronger (Buller et al. 2001) . Nevertheless, the biomechanical properties of both ligaments vary widely among individuals, with standard deviations being similar to the mean (Rivaux et al. 2013 ). In agreement with many other studies (Goff, 1931; Koster, 1933; Ricci et al. 1947; Campbell, 1950; Berglas & Rubin, 1953; Range & Woodburne, 1964; Frohlich et al. 1997; De Caro et al. 1998; Vu et al. 2010; Hockel et al. 2011) , we (Wu et al. 2015) found no histological basis for either ligament, although sacrouterine folds (Frohlich et al. 1997; Buller et al. 2001) were identifiable. We have not, therefore, tried to reconstruct these ligaments. Unexpectedly, we found that the neurovascular bundle and its associated connective tissue in the deeper part of the cardinal and sacrouterine ligaments (Umek et al. 2004; Hsu et al. 2008; Ramanah et al. 2012a,b) co-localize with the rectal adventitia that covers the mesorectum, implying that these surgically important structures are one and the same. The discrepancy between the identification of the sacrouterine and cardinal ligaments by surgeons and the absence of histological evidence for these structures can probably be ascribed to their composition of areolar connective tissue fibers: such fibers are not prominent on sections, but the mesh, which also connects to vascular and nervous bundles, transforms into a tense, and hence visible, strand under acute local traction (Range & Woodburne, 1964; De Caro et al. 1998) .
In its middle third ('level II', DeLancey, 1992) , the vagina attaches via its paracolpium to the tendinous arch of the pelvic fascia (DeLancey, 1992) . This arch is already identifiable in fetuses (Fritsch et al. 2006; Wallner et al. 2009 ) and is well documented in adult specimens (Occelli et al. 2001; Pit et al. 2003) . However, like the cardinal and sacrouterine ligaments (Rivaux et al. 2013) , its strength varies widely among individuals (Pit et al. 2003) . The variation in strength of the pelvic ligaments may well reflect the pronounced differences in connective tissue development that we observed among the CVH specimens. However, we did not observe (well developed) fibrous connections between the vagina and the lateral pelvic wall, including the tendinous arch of the pelvic fascia and therefore conclude that level-II support was virtually non-existent in our specimens. Other histological studies (Niikura et al. 2007; Zhai et al. 2009 ), which show 'fascial bridges' close to the pelvic organs that rarify laterally, seem to underscore this view. Instead, a very extensive network of mostly very large veins intervened between the vaginal wall and the endopelvic fascia. These veins contain no valves (Batson, 1940) , indicating that the paracolpium can rapidly reduce its volume upon a small increase in external pressure. These findings appear to explain the 'slack cord' paradigm of DeLancey cum suis, who observed that the force necessary to displace the uterus over a distance as observed upon a Valsalva maneuver was unexpectedly small (Smith et al. 2013; Swenson et al. 2016) . In fact, these observations strongly suggest that the large veins in the paracolpium are responsible for the absorbance of acute increases in intra-abdominal pressure, such as occur during coughing. Dysfunction of this pressure absorbance mechanism due, for example, increased stiffness of the pelvic soft tissues as occurs with aging (Chantereau et al. 2014 ) is probably one of the causes of stress urinary incontinence.
The wall of the vagina lower third ('level III', DeLancey, 1992) contacts the perineal membrane, perineal body, and pelvic floor muscles ( Figs 1A,B and 2A-C) . Like other studies (Frohlich et al. 1997; Yucel & Baskin, 2004) , we did not observe any direct muscular attachment of the puborectal muscle to the vaginal or urethral wall. Instead, we found well developed fibrous tissue at this location that may correspond to the white area just inside the hymenal ring (DeLancey, 1988; DeLancey & Starr, 1990) .
The question, therefore, arises as to which structure or structures support the upper vagina and uterus. Seen from below, the fibro-muscular reinforcement of the posterior compartment of the pelvic floor is striking, whereas the vaginal opening, although laterally firmly attached to the pelvic floor by dense connective tissue, appears vulnerable. One should, however, realize that the pelvic viscera extend laterally and posteriorly relative to the levator hiatus and that in vivo tracing revealed that increased intra-abdominal pressure pushes the viscera backward and laterally against the levator plate and not towards the hiatus, irrespective of whether the uterus is ante-or retroverted (Berglas & Rubin, 1953; Bastian & Lassau, 1982) . Reactive contraction of the pelvic floor (Constantinou, 2009 ) further contributes to this support, because the puborectal muscles move the anorectal junction forward and elevate the perineal body, while the pubovisceral muscles flatten the posterolateral parts of the levator plate. The attachment of the puborectal muscles to the perineal body, therefore, represents a crucial structural feature, without which contraction of the deep portion of the puborectal muscle, because of its curvilinear course (Wu et al. 2015) , would be ineffective. Failure of this supporting function of the pelvic floor is thus associated with a more vertical position of the pelvic floor and a downward movement of the pelvic organs during increased intra-abdominal pressure (Berglas & Rubin, 1953) .
Pelvic connective tissue is often divided into presacral, perirectal, and paravisceral compartments (Fritsch & Hotzinger, 1995; Fritsch et al. 2004b) . Compared with the young female pelvis, much more adipose tissue was located in the paravisceral and perirectal compartments of the postmenopausal pelvis, which broadened the space between bladder, uterus, cervix, rectum, and obturator internus. The menopausal transition is known to be associated with a relative and absolute increase in visceral fat (for a recent review, see Karvonen-Gutierrez & Kim, 2016) . Since the prepubertal pelvis contains very little fibrous and adipose tissue, and since fat is an excellent lubricant, we hypothesize that pelvic fat compromises cohesion between the components of the pelvic floor, increasing its structural instability, just like a modern car frame becomes less stable as the glue between its components dissipates.
Limitations of the study
Although the number of specimens studied may appear small, only seven adult female 'Visible Human' specimens have been reported thus far (Dai et al. 2012) . Of these, five were 19-26 years old, one was in her mid-30s (CVO), and only one was postmenopausal (VHF). Except for the position of the uterus, we have not observed anatomical differences between the Chinese and American specimens.
Conclusion
Our study indicates that the large venous plexuses flanking the vagina serve to cushion rapid increases in intra-abdominal pressure. Biomechanical modeling of the pelvic floor additionally suggests that all known 'ligaments' are necessary to ensure the normal mobility of pelvic organs upon thrusting (Cosson et al. 2013 ). This finding supports our hypothesis that tissue adhesion is essential and integral to the construction of the female pelvic floor and its proper function. Age-related changes that diminish tissue adhesion, e.g. accumulation of adipose tissue, may negatively affect the robust construction of the pelvic floor. The progressive deposition of fibrous connective tissue, of which the size of the perineal body appears to be a good marker, may well reflect wear and tear from the stresses and strains (deliveries, erect bipedal status, etc.) to which the female body is subjected during life. Such tissue remodeling attempts may support pelvic-floor function to some extent, but also probably diminish the cushioning function of the pelvic veins. Our hypotheses are based on a limited number of specimens and need to be tested, but, if correct, imply that interventions to treat pelvic-floor dysfunction should not increase pelvic-floor rigidity. Fig. S1 . Interactive 3D rendering of the topographic anatomy of the VHF pelvic floor. Fig. S2 . The color code used to label structures in Figs 1-4 and Fig. S1 . Fig. S3 . Serial transverse sections of the lesser pelvis of specimen CVH-5. Fig. S4 . Serial sagittal sections of the lesser pelvis of specimen CVO.
